Introduction Results

Olfactory sensory neurons (OSNs) respond acutely to Labeling of OSNs In Vivo and Monitoring
tronic octanal receptor:IRES:GFP gene (Ad I7-GFP) these experiments revealed that exposure to octanal rescued a greater number of OSNs in the AdI7-GFP- . In this experiment, we compared a 6 week time course of GFP expression in the OE of mice transduced mice than in the mice given AdGFP after one month ( Figure 1C ). Further densitometric quantificatreated with AdI7-GFP and exposed to octanal to that in animals treated with Ad-GFP only, with and without tion of Western blots demonstrated that octanal exposure did produce an enhancement of GFP expression exposure to octanal. Western analysis revealed that daily exposure to octanal produced a modest susteover time that was significantly greater in AdI7-GFPtreated mice compared to AdGFP-treated mice (Figure nance of GFP expression compared to non-odor-treated animals when both groups were given AdGFP, whereas 1D). These results indicate that odorants retard the natural apoptotic cycle of the OSNs they activate and beg exposing AdI7-GFP-treated animals to octanal over this period produced a markedly persisting GFP expression the question of which signaling pathways odorants activate to produce this effect. In order to approach this in comparison with no-odor controls ( Figure 1B) , even at the 6 week time point. Confocal images of the OE in problem, we developed a more robust and expeditious approach to measure odorant-stimulated survival of tomy. In contrast, nascent OSNs arising from precursor cells in the epithelium near the time of bulbectomy proOSNs that also provides the opportunity to probe the role of key signal transduction events in this process.
duced a large background in OMP-LacZ mice, since they could not be distinguished from surviving, odorantrescued ␤-gal-expressing cells (data not shown).
Odorant-Activated Rescue of OSNs In Vivo following Apoptotic Stimulus
To assess the possibility that odorant-stimulated activity can enhance OSN survival in this stringent context, After transducing the turbinates with AdLacZ, we challenged OSNs with a strong apoptotic stimulus by perwe exposed AdLacZ-treated animals daily to a variety of single and complex odorants including lilial, isoamyl forming unilateral (right) olfactory bulbectomy (Obx), a classically employed technique of denervation designed acetate, citralva, and peppermint oil for 2 days preceding olfactory bulbectomy. Whole-mount X-gal staining to deprive them of neurotrophic support. To minimize incidental odorant exposure, animals were housed indiand Western analysis of the olfactory turbinates were performed 4.5 days after bulbectomy. Interestingly, mulvidually in cages placed in a fume hood. Obx induces a pervasive wave of neuronal apoptosis in the olfactory tiple daily exposures to odorants stimulated survival of populations of OSNs that were detectable by X-gal turbinates ipsilateral to the ablation that is complete after approximately 4.5 days, and regeneration of mastaining and NST Western analysis ( Figures 3A and 3D Figure 3C ). In order to confirm that the surviving cells OSNs, olfactory turbinates were dissected and subjected to whole mount X-gal staining and Western analywere indeed OSNs, we prepared coronal sections of the olfactory turbinates and performed laser confocal sis for ␤-tubulin III (NST, for neuron-specific tubulin) on days following surgery. In the absence of exogenous microscopy after immunostaining for NST. Displayed images are representative and taken from the septal odorant stimuli, ␤-gal-expressing OSNs disappeared almost entirely from the turbinates ipsilateral to the abregion of zone 2 in the OE, allowing visualization of both the bulbectomized (right) and nonbulbectomized (left) lated bulb 4.5 days after surgery. X-gal staining in the contralateral turbinates persisted throughout the test sides of the OE together. Many NST-positive OSNs can be seen in the right OE of animals receiving citralva period (Figure 2A ). The decrease in NST protein in turbinates ipsilateral to the bulbectomy indicated a marked exposure, whereas few if any are seen in the odorantdeprived animals ( Figure 3B ). Animals were not treated loss of OSNs ( Figure 2B ). In contrast, ␤-actin expression remained constant. These experiments confirmed that with adenovirus in these experiments. This analysis demonstrated enhanced OSN survival in odorant-stimuthe adenoviral transduction was restricted primarily to mature OSNs with a uniform distribution throughout the lated animals compared to odor-deprived controls, while OSNs in the nonbulbectomized side (left) remained epithelium and indicate that the X-gal staining of adenovirus-transduced neurons can be used to monitor surintact. The robust response stimulated by citralva in these experiments indicates that it may activate multiple vival of OSNs. Moreover, this technique provides an advantage over use of transgenic mice with olfactory odorant receptors with overlapping specificities. Importantly, citralva exposure was not able to rescue a disneuron-specific marker expression in that the adenovirus appears to label mature OSNs with good specificity, cernible fraction of NST expression in mice bearing a targeted deletion of type III adenylyl cyclase, while in leaving a low background of X-gal staining after bulbec- no discernible effect on ␤-gal expression, which was robust and uniform (data not shown). However, inhibition enticing question, therefore, is whether OSNs "surviving" our procedure are physiologically intact and can of MAPK signaling by coexpression of this construct attenuated the ability of odorants to stimulate OSN surrespond normally to odorants, or are functionally dead and simply cleared from the OE at a slower rate than vival in the Obx-ipsilateral turbinates, demonstrating a requirement for MAPK activity in odorant-stimulated resunstimulated OSNs. We undertook to answer this question using electro-olfactogram analysis (EOG) of the OE cue ( Figures 6A-6C) . Cotransduction of the turbinates with AdLacZ and adenovirus carrying a constitutive-active from animals given exposure to a single odorant after OBx and measuring the response to a panel of odorants FLAG-MEK1 R4F (AdCAMEK), without odorant exposure, produced the greatest survival of ␤-gal-expressing after 4.5 days. Importantly, in addition to measuring OSN survival functionally, this analysis should also reveal diOSNs, which was paralleled by persisting NST expression ( Figures 6B and 6C) . The robust effect of citralva is rectly in a single experiment any overlapping odorant receptor-ligand specificities. A single rescue odorant, likely due to its activation of numerous odorant receptor subtypes in these experiments. isoamyl acetate, was employed, while the EOG analysis nonbulbectomy experiments falls in the shorter range strate the specificity of this effect, we exposed Ad I7-GFP-treated animals to odorants other than octanal and of what has been reported in the literature and may have been influenced by an inherent decline of adenovirusshow that while they are able to rescue some NST expression, they were not able to rescue a discernable driven GFP expression. We then confirmed the ability of an odorant to rescue a given population of OSNs as fraction of OSNs overexpressing the octanal receptor. EOG analysis allowed us to uncover rescued populaa function of that population's expression of the appropriate odorant receptor using Ad I7-GFP and exposing tions of OSNs using a functional assay, providing strong evidence for the physiological significance or our obseranimals to its determined ligand, octanal. To demon- MgCl 2 , 0.01% sodium desoxycholate, and 0.02% Nonidet P40). The precipitate was generated by incubation at 37ЊC in buffer C (buffer B with 5 mM potassium ferricyanide, 5 mM potassium ferrocyanide, Experimental Procedures and 1 mg/ml X-gal) in the dark. Images were captured using an Optronix digital scanner mounted on a Leica MZ6 surgery scope.
heterozygous knockouts it was (Figure 3E
)
Adenovirus Production and Treatments
GFP fluorescence in Ad I7-GFP-transduced animals was imaged Adenoviral vectors were amplified and purified as described elseusing an Optronix digital scanner coupled to a Leica epifluoreswhere (Shayakhmetov et al., 2000) . In brief, HEK-293 cells were cence microscope. transduced with vector of interest at a multiplicity of infection of approximately 20:1 and allowed to grow for 24-36 hr, until cytopathic effect became evident. Cells were then collected and freeze-thawed Western Analysis Olfactory turbinates were dissected and sonicated briefly in 250 l four times to release viral particles, which were then collected and subjected to cesium chloride centrifugation and dialysis to obtain buffer H (50 mM ␤-glycerophosphate, 1.5 mM EGTA, 0.1 mM Na 3 VO 4 , 1 mM DTT, 10 g/ml aprotinin, 2 g/ml pepstatin, 10 g/ml leupeppurified virus. Adenovirus titer was determined by absorption at 260 nm. AdHA-MEK1-R4F was a generous gift from Dr. Natalie Ahn tin, 1 mM PMSF [pH 7.4]), immediately after which 250 l 6ϫ sample buffer was added and the samples were heated at 95ЊC for 10 min. (University of Colorado, Boulder, CO). AdCREB-M1 was a generous gift from Dr. William W. Walker (University of Pittsburgh, Pittsburgh, Samples were subjected to 12% SDS-PAGE electrophoresis and transfer to PVDF. Membranes were probed with rabbit anti-Bcl-2 PA). Ad-FLAG-VP16-CREB was a generous gift from Dr. Jane E. Reusch (University of Colorado, Denver, CO). AdGFP and AdNLS-(Santa Cruz Biotechnology), mouse anti-␤ tubulin III (AbCaM),
